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CHAPTER ONE 
GENERAL INTRODUCTION 
 An estimated 275,000 Americans are hospitalized following a traumatic 
brain injury (TBI) every year, 80,000 of whom develop a long-term disability 
(Coronado et al., 2012; Thurman, 2007). While the central nervous system (CNS) 
can repair itself to a limited extent, there exists no pharmacological treatment for 
TBI in wide use today. For this reason, TBI prevention is at present the most 
efficacious strategy for combating the economic and human costs of TBI. The 
factor that places one at perhaps the greatest risk of suffering a TBI is alcohol 
intoxication (Napolitano, 2007). Head injuries and fractures are the two most 
common alcohol related types of trauma (Napolitano, 2007). 30-50% of TBI 
sufferers have a blood alcohol level (BAL) above .08 mg/dl (the legal limit for 
operating a motor vehicle in most U.S. States) at the time of injury (Parry-Jones 
et al., 2006). In fact, the presence of alcohol at the time of TBI more than doubles 
the risk of a repeat head injury in the two years following the injury (Napolitano, 
2007). Binge alcohol use, defined by the Centers for Disease Control (CDC) as 
consuming 4 or more drinks for a woman and 5 or more for a man in one sitting, 
is a common mode of alcohol consumption. Given the large population of TBI 
sufferers with alcohol intoxication as a comorbidity, it is important to determine its 
2  
 
 
consequences for recovery and the mechanisms by which alcohol exerts its 
effects on the CNS post-injury. The mechanism by which alcohol worsens or 
enhances functional recovery will help researchers to better understand which 
post-injury processes are critical targets for pharmacological manipulation. This 
knowledge will help researchers to better understand the TBI injury process in 
general and perhaps tailor medical care to a large patient subpopulation. 
In humans, alcohol at the time of TBI has been associated with a longer 
hospital stay, prolonged post-traumatic amnesia and greater disability at the time 
of hospital release (De Guise et al., 2009). Numerous studies have corroborated 
these findings using differing measures of function recovery (Bombardier and 
Thurber, 1998; Kelly et al., 1997b; Tate et al., 1999). However, few human 
studies have investigated the consequences of pre-TBI intoxication on subtle 
features of sensorimotor recovery, like function on a task requiring a learned skill.  
Research in animal models suggests a more complicated interaction 
between dose and temporal relationship to injury. Alcohol given in a single 
moderate dose prior to TBI may actually be neuroprotective (Kelly et al., 1997a). 
While alcohol given in a very high dose (Yamakami et al., 1995) with multiple 
TBI’s (Biros et al., 1999) or delivered as part of a repeated binge regimen, 
worsens recovery (Prasad 2001). Moreover, multiple studies have found that 
high doses of alcohol may increase mortality (Katada et al., 2009; Kelly et al., 
1997a; Shapira et al., 1997), perhaps through modulation of brain metabolic and 
hemodynamic factors (Katada et al., 2009; Kelly et al., 1997a; Shapira et al., 
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1997; Zink and Feustel, 1995; Zink et al., 1993). To our knowledge, no animal 
study has explored alcohol’s effects on long-term functional sensorimotor 
recovery. Furthermore, alcohol’s effects on TBI-related anxiety has yet to be 
explored.  
Finally, the brain is capable of making cellular adaptations leading to injury 
compensation. The mobilization of neural precursor cells towards the perilesional 
area is one means by which the brain may compensate for injury. Alcohol is has 
been found to disrupt neural precursor cell proliferation, differentiation, and 
survival (Nixon and Crews 2002, Tateno et al, 2005). To our knowledge, no 
published study has explored the effects of both alcohol and TBI on neural 
precursor cell proliferation and differentiation. 
HYPOTHESIS 
A regimen of binge ethanol exposure to healthy adult male rats will delay 
recovery of CNS sensorimotor function following experimentally-induced 
traumatic brain injury by attenuating SVZ neuronal precursor cell 
proliferation. 
Specific Aim 1. To determine whether a single binge or repeated binge 
regimen of ethanol administered prior to TBI affects sensorimotor 
functional recovery in adult rats, using the skilled forelimb-reaching task. 
And to determine whether the repeated binge enhances TBI-related anxiety-
like behavior.  
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Specific Aim 2. To determine whether a repeated binge dose of alcohol 
administered prior to TBI affects subventricular zone neural precursor cell 
proliferation and differentiation in the injury aftermath using unbiased 
stereology.  
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CHAPTER TWO 
REVIEW OF RELATED LITERATURE 
TBI epidemiology and injury process 
1.7 million Americans suffer a TBI every year (Coronado et al., 2012). Of 
those hospitalized, approximately 50,000 die (Coronado et al., 2012; Corrigan et 
al., 2010). Those who survive face a difficult road; there exist approximately 5.3 
million Americans in need of lifelong assistance for daily living as a result of a TBI 
(Thurman, 2007). Furthermore, 40% of those hospitalized with a TBI are faced 
with functional deficits which persist for at least one year after injury (Corrigan et 
al., 2004). TBI has also been called the “signature wound of the war in Iraq and 
Afghanistan”(Lawhorne, 2010). The Department of Defense estimates that at 
least 250,000 service members suffered a TBI from 2000 to the second quarter 
of 2012 (DoD, 2012).It has been useful for treatment and research to break down 
TBI into two stages of injury: primary and secondary injury. The immediate tissue 
damage caused by the biomechanical forces exerted on the brain at the instance 
of impact, i.e., destruction caused by the sum total of the physical stresses 
exerted on the brain, is called the primary injury (Miller et al., 2001).This damage 
can be focal, diffuse or both. Head injury often includes vascular tearing that can
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 lead to blood pooling between the skull and meninges (epidural/extradural 
hematoma), between the dura and arachnoid (subdural hematoma) and/or within 
and around the brain (subarachnoid hemorrhage and intracerebral hematoma) 
(Moore, 2005; Morales et al., 2005). Not all primary brain injuries are apparent 
under MRI or CT scan examination, since strong inertial forces on the brain can 
lead to, at present, imaging-invisible diffuse axonal injury, characterized by shorn 
axons, a condition often associated with petechial hemorrhaging (tiny scattered 
hemorrhages) (Li 2009).  
 Following the primary injury, more microscopic changes such as 
proinflammatory cytokine release, oxidative stress and excititoxicity potentiate 
the damage. This post-primary damage has been termed the secondary injury. 
The secondary injury cascade is a complex and extended process initiated by the 
primary injury. The secondary injury can be thought of as essentially beginning 
with a disruption of cellular Ca2+ homeostasis (Bains and Hall, 2012). Under 
normal conditions, neurons and glia, like all cells, strictly regulate a Ca2+ gradient 
such that the extracellular concentration of Ca2+ exceeds the intracellular 
concentration. Cell damage weakens the cell’s ability to regulate this gradient, 
leading to a large increase in intracellular Ca2+ (Bains and Hall, 2012). This, in 
turn, is associated with depolarization and release of high levels of glutamate, 
which can lead to excitotoxicity. Extracellular glutamate activates NMDA and 
AMPA receptors leading to exacerbated levels of intracellular Ca2+ (Bains and 
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Hall, 2012). Disruption of the cells chemical gradient coupled with the loss of 
oxygen due to blood loss, decreases available ATP, leading to among many 
other things a disruption of protein synthesis. This leads to a reduction in the 
antioxidant enzyme system. Disruption of the antioxidant system forces the cell 
to cope with higher levels of endogenous partial reduction products of oxygen 
and nitrogen, such as superoxide and peroxinitrite. Consequently, damaged cells 
experience free radical excess, termed oxidative stress. This is not merely 
theoretical as it is well established that following a cortical injury, there is a burst 
of hydroxyl radical production (Smith et al., 1994). Free radicals are inherently 
toxic due to the fact that carbon found in lipids, nucleic acids and proteins is a 
target for oxidation by reactive oxygen species (ROS) (Hall et al., 2010). While 
this damage happens even under normal conditions, it is managed by 
mechanisms designed to limit the levels of oxidants (e.g. glutathione peroxidase) 
and repair damage. However, after a TBI, these mechanisms can become 
overwhelmed, ultimately leading to cellular dysfunction and cell death (Bains and 
Hall, 2012). 
Damage induced by free radicals is not limited to neurons and glia but 
extends to the brains main vascular filtering system, the blood-brain-barrier 
(BBB) (Smith et al., 1994). The BBB is made up of tight junctions between 
endothelial cells in the cerebral vasculature. These endothelial cells are 
surrounded by pericytes, smooth muscle and astryocytic endfeed that tightly 
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regulate what enters the brain from the circulatory system (Chodobski et al., 
2011). Following TBI, it has been well established that the BBB transiently breaks 
down (Chodobski et al., 2011). Lipid peroxidation may be partly involved, as 
blocking lipid peroxidation reduces BBB permeability post TBI in a dose 
dependent manner (Smith et al., 1994).  
Furthermore, the secondary injury process is exacerbated by the loss of 
blood due to vascular damage from the primary injury. Blood loss reduces the 
levels of oxygen delivered to the brain and necessary for oxidative 
phosphorylation to produce energy (Hall et al., 2010). This results in two 
interconnected injurious consequences. First, reduced levels of adenosine 
triphosphate (ATP) impair the active transport of pyruvate into the mitochondrion, 
thus reducing Krebs cycle activity (Hall, 2012). Consequently, the cell enters a 
Pasteur shift, a transition from aerobic to anaerobic consumption of glucose, 
leading to a buildup of lactic acid, termed lactic acidosis (Hall, 2012). This 
reduces cellular pH. Changes in cellular pH can lead to protonation of amino acid 
side groups which can lead to changes in protein conformation, affecting protein 
function. Secondly, ATP is a necessary energy source for transcription of new 
proteins like antioxidants that are needed to overcome and survive the injury. 
This interconnected network of interactions makes treatment of the secondary 
injury a particularly difficult problem.  
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Injury Severity and Models of Traumatic Brain Injury 
 One way TBI can be categorized is by patient functional capability and the 
extent of tissue injury into the following categories: mild, moderate, and severe 
TBI. Functional assessment using the Glasgow Coma Scale (GCS), assigns a 
score from 3 to 15, from decreasing symptom severity (O'Phelan, 2011). The 
GCS evaluates patient functional capability via examination of eye, verbal and 
motor function. A patient with a mild TBI is one with a GCS score of 13-15. The 
patient would be conscious and responsive to verbal communication but may be 
disoriented and have difficulty localizing painful stimuli. Mild TBI is difficult to 
diagnose as it may be invisible on CT scans and symptom evolution may happen 
over the course of several weeks (O’Phelan, 2011). Moderate TBI is 
characterized by a GCS score of 9-12. A typical moderate TBI patient would be 
conscious but may exhibit a greater degree of disorientation and display an 
impaired ability to communicate. Finally, a severe TBI patient typically has a 
score between 3 and 8, scores associated with unconsciousness and an inability 
to communicate and open their eyes (O'Phelan, 2011). These scores are 
positively correlated with the extent of tissue damage. However, as the brain is a 
hierarchical network, damage of a defined size in one area does not in general 
lead to the same symptoms as the same degree of tissue damage in a different 
area of the brain. The fact that TBI severity is diagnosed mostly by patient 
function makes modeling the injury in an experimental setting a difficult problem. 
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It has been easier to achieve a model in which the neural tissue of the animal is 
subject to inertial forces leading to the same pathological secondary processes 
as found in human TBI. Such an injury does tend to produce deficits in animal 
behavioral function that mirror those exhibited by a human patient. However, this 
remains problematic as two thirds of the GCS score is determined by 
assessment of eye function and verbal function. For example a low score in the 
“Eye” element of the scale is given if the patient does not open their eyes or only 
opens them in response to voice or painful stimuli but not spontaneously. A low 
score in the “Verbal” element is given if the patient makes no sounds, makes 
incomprehensible sounds, or utters inappropriate words. Presently, it is not 
possible to mirror these functional outcomes in an animal model.  
Animal models of TBI have focused on emulating the primary and 
secondary injury tissue processes as well as motor and sensory functional 
deficits. At present there exists three widely used animal models of TBI, the 
weight drop model (WD), the lateral fluid percussion model (LFP), and the 
controlled cortical impact model (CCI) (figure 1).  In all models, the rodent is 
anesthetized and placed into a stereotaxic frame. In the WD model, as the name 
implies, a weight of a chosen mass and size is dropped from a defined height 
onto the rodent’s brain or skull. The injury is non-penetrating and leads to a mild 
to moderate TBI depending on the kinetic variables. The model does not typically 
lead to behavioral deficits lasting more than a week and thus is not useful for 
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evaluating persistent behavioral deficits (Morales et al., 2005). The LFP injury is 
created by attaching a syringe-like device around a craniotomy. A pendulum is 
then swung, such that it hits the end of the syringe, forcing a bolus of fluid to 
impact the brain. The LFP model leads to the macroscopic hallmarks of TBI 
including brainstem herniation, subarachnoid hemorrhage, and intrapetechial 
hemorrhage for example (Morales et al., 2005). This propensity towards 
increased brain stem damage can lead to a higher mortality rate than seen in the 
other two models (Morales et al., 2005). Finally, the CCI model is characterized 
as follows: an incision is made over the skull and a craniotomy is performed. A 
pneumatic or magnetic piston is angled over the cortex. The probe attached to 
the piston is then rapidly extended into the brain at a defined velocity, for a 
defined duration. This leads to both focal and diffuse injury mirroring the human 
injury sequelae (Hall et al., 2008; Morales et al., 2005). Recently, the wars in Iraq 
and Afghanistan have demonstrated the need for a model of blast injury to model 
the damage produced by Improvised Explosive Devices (IED). The blast injury 
damage is produced by a rapid pressure wave moving through the brain tissue 
(Risling and Davidsson, 2012). Blast injury may also be accompanied by 
additional non-blast related injury from blunt force trauma sustained from 
shrapnel or environmental structures (Sundaramurthy et al., 2012). Rodent 
models of blast injury consist of a shock-blast wave generator. The animal is 
anesthetized, placed in a metallic tube and subjected to a pressurized wave 
front, typical of the force produced by an IED. This injury model leads to diffuse 
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brain damage, intracranial hematoma and brain edema (Svetlov et al.). Blast-
injury models are relatively new and the effects on standard animal behavioral 
models have not been as extensively studied as in other models. 
 
 
Figure 1 Three well characterized models of TBI, the weight drop model (A), the 
Controlled Cortical Impact model (B), and the Lateral Fluid Percussion Model (C). 
 
 
A B 
C 
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Traumatic Brain Injury and Alcohol 
 It is important to note that the term “alcohol” actually describes a family of 
organic compounds in which a hydroxyl group is bound to a saturated carbon 
atom. Alcohol found in alcoholic beverages is ethyl alcohol or ethanol (C2H5OH), 
with an ethyl group bound to a hydroxyl functional group. For this reason, all in-
vivo studies exploring the clinical significance of alcohol, use ethanol.  
The effects of alcohol on recovery after TBI have been systematically 
studied for at least 3 decades. In studies studies exploring the effects on BBB 
permeability, adult cats were given a very high dose of ethanol intravenously 
(i.v.) 1 hour prior to a cortical injury delivered via the cortical weight drop model. 
This dose leads to a blood alcohol level (BAL) of 488 mg% at the time of injury 
(the legal limit to operate a motor vehicle is 80mg% in most states. Alcohol 
treated cats displayed BBB permeability 2-3 times as extensive as in saline 
treated controls (Flamm et al., 1977). This increase in BBB permeability has 
since been replicated in young male Sprague-Dawley rats, using a small stab 
injury to the prefrontal cortex. Interestingly, ethanol only increased BBB 
permeability if the animal was intoxicated at the time of injury (310 mg% BAL one 
hour after intraperitoneal (i.p.) ethanol administration), but not if intoxicated 24 
hours pre-injury (Persson and Rosengren, 1977).  
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High blood alcohol levels at the time of injury may increase the risk of 
mortality. For example, Swiss-Webster mice given 0.2 ml of 50% ethanol i.p. 
(peak BAL of 720mg%) 30 minutes before a weight drop injury to the whole 
cortex were more likely to die in the days following the injury (Franco et al., 
1988). At 8 days post injury, 67% of saline treated animals were alive, while only 
5% of ethanol treated animals were still alive (Franco et al., 1988). The 
connection between a high dose of ethanol prior to TBI and increased mortality 
has been replicated several times at doses more clinically relevant (Katada et al., 
2009; Kelly et al., 1997a; Shapira et al., 1997). This increase in mortality may be 
due to alcohol’s effects on hemodynamic factors following the injury. In one study 
2.5-3 month old pigs were orogastrically (o.g.) administered 3.5 g/kg ethanol or 
saline 1 hour prior to a fluid percussion injury targeting the right parietal cortex 
(BAL=165mg% at time of injury). In the immediate aftermath, ethanol treated pigs 
displayed both lower mean arteriole blood pressure (MABP) and lower cerebral 
perfusion pressure, however blood lactate, and PaCO2 were increased in the 
ethanol treated pigs (Zink and Feustel, 1995; Zink et al., 1993). The correlation 
between ethanol and reduced MABP following TBI has since been replicated in 
rats with a similar dose of ethanol i.p. (Yamakami et al., 1995). However, no 
difference was seen in heart rate, intracranial pressure, or brain glucose levels. 
Some studies have shown that a single 3g/kg i.p. ethanol dose delivered 1 hour 
prior to a weight drop model of TBI leads to an increase in brain edema (Katada 
et al., 2012; Katada et al., 2009) with a corresponding increase in aquaporin 4 
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(AQ4) around the lesion site (Katada et al., 2012). However, the dose required 
for significant edema may have to reach some threshold to be injurious, as a 
study using 2.5g/kg 2 hours prior to TBI showed no significant increase in edema 
relative to controls (Janis et al., 1998). 
TBI, Alcohol, and Animal Behavior Studies 
 Animal studies exploring behavioral aspects of recovery after TBI with 
ethanol have been equivocal. Depending on the differences in injury severity and 
the dose of ethanol administered, recovery after TBI may be augmented or 
impeded. This has been especially true in studies exploring sensorimotor 
function post-TBI. Rats given either 1g/kg or 2.5 g/kg ethanol i.p., 40 minutes 
prior to a CCI targeting the left primary motor cortex, exhibited a smaller lesion 
volume than rats given saline or 3 g/kg ethanol (Kelly et al., 1997a). These 
animals were then tested on the beam-walk task every day for 7 days post CCI, a 
behavioral test in which the number of foot slips is counted as the rat traverses a 
1 inch wide, 36 inch long beam. Interestingly, animals given the lower doses of 
ethanol (1g/kg, 2.5g/kg) took fewer days to recover on the beam-walk task than 
animals given the high dose of ethanol (3g/kg) or saline. But the rats given the 
3g/kg dose showed no difference in performance compared to saline treated 
animals (Kelly et al., 1997a). Another study using a chronic binge (2 weeks of a 
35% ethanol derived calories, liquid diet) also showed no difference on a beam-
walk task when compared to pair-fed controls (Zhang et al., 1999). It should be 
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noted that the beam-walk task used to assess motor function is not particularly 
sensitive to cortical injury. Studies using more comprehensive measures of 
sensorimotor function have also had equivocal results. In one such study, male 
Sprague-Dawley rats were divided into 6 groups, and administered either 1.5g/kg 
ethanol, 3g/kg ethanol, or saline o.g., followed by either a moderate or severe 
TBI two hours later (LFP to the left parietal cortex). Rats were assessed on a 
battery of neurological tests everyday for a week, which were combined into an 
ordinal neuroscore for each day. Rats given 3g/kg prior to the injury displayed a 
worse neuroscore 24 hours after injury. However, the neuroscore deficit 
appeared transient since by the end of the first post-injury week there were no 
significant differences in the group means (Yamakami et al., 1995). The low dose 
of ethanol (1.5g/kg) had an apparently negligible influence on the post-injury 
neuroscore. Considered as a whole, these studies suggest that high doses of 
alcohol may be deleterious for motor recovery, while smaller doses may in fact 
be neuroprotective. 
 Alcohol’s effects on memory function post TBI have been more 
extensively studied than sensorimotor recovery (Zhange et al.,1999; Masse et 
al., 2000; Prasad et al., 2001). Like in sensorimotor recovery, high acute or 
chronic preinjury alcohol appears to have either a deleterious or in some cases 
no effect on spatial memory recovery. In one study, adult, male, Sprague-Dawley 
rats were fed a liquid diet of ethanol (6.6% w/v, 35% of calories were ethanol 
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derived) for 6 weeks; this diet led to a peak BAL of 155 mg%. After 6 weeks, all 
rats were given the control diet for two days followed by LFP injury targeting the 
left parietal cortex. On days 7-8 post-injury, all rats were tested on the Morris 
water maze (MWM). Ethanol had no effect on MWM performance (Zhang et al., 
1999), even if the same dose was applied for 3 months (Masse et al., 2000). 
Studies in which ethanol is administered chronically can stimulate compensatory 
mechanisms leading to a lower BAL at the time of injury. For example, in the 
study described above, in which rats were given access to ethanol in water for 6 
months, the BAL of the rats decreased by more than half over time. Interestingly 
when the same laboratory used a binge-like dosing schedule, ethanol treated 
rats exhibited poorer performance on the MWM (Prasad et al., 2001). This dose 
led to consistently high BAL’s throughout the whole course of administration 
(Prasad et al., 2001). Hence, a binge regimen of alcohol that induces repeated 
high BAL’s may lead to a greater post-TBI memory deficit. 
 None of the above studies used a severe TBI, and it may be that 
performance on the MWM is especially sensitive to alcohol’s effects if the injury 
is severe enough (Biros et al., 1999). One study used multiple TBI’s and 
compared the effects of chronic vs. acute ethanol pre-TBI on memory recovery. 
Male Sprague-Dawley rats were either chronically administered 3g/kg ethanol 
o.g. (30mg% BAL at time of injury) every other day for two weeks followed by 
multiple mild TBI’s (3 LFP’s targeting the left parietal cortex, 4 days) or the same 
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dose acutely 2 hours prior to each TBI, and not chronically. The chronic ethanol 
group performed worse on the Morris water maze (MWM) relative to saline 
controls, whether or not ethanol was also administered at the time of injury (Biros 
et al., 1999). Interestingly, rats that were intoxicated at the time of TBI (but not 
chronically) did not perform any worse than saline treated controls. No difference 
was seen in MWM performance among sham-injured groups, i.e., ethanol alone 
did not have an effect (Biros et al., 1999). Finally, as in studies looking at 
sensorimotor recovery, it may be that low to moderate doses may be 
neuroprotective. Janis et al administered 2.5g/kg o.g. (100 mg% BAL at the time 
of injury) 2 hours prior to a bilateral contusion of the medial prefrontal cortex and 
then tested performance on the MWM 7 days post-TBI. Ethanol treated rats 
performed better relative to saline treated controls (Janis et al., 1998), indicating 
a possible neuroprotective effect. 
 Given the accumulated evidence of over three decades, the following 
conclusions can reasonably be drawn from in-vivo research: a high dose of 
ethanol coupled with a moderate to severe TBI (or multiple TBI’s) may increase 
the risk of death. The animals that survive display poorer initial sensorimotor 
performance and poorer performance on the MWM. However, low/moderate 
doses of ethanol prior to TBI have no effect or may in fact be neuroprotective. To 
our knowledge, the consequences for long-term sensorimotor recovery remain 
unexplored. Furthermore, human TBI sufferers commonly experience increased 
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symptoms of anxiety/depression, but alcohol’s effects on the likelihood of 
developing these disorders remains to be investigated. 
TBI, Alcohol, and Human Studies 
 The specific findings from the animal experimental literature are difficult to 
verify in human studies. Specifically, increased mortality among intoxicated TBI 
sufferers is challenging to corroborate, as the BAL is rarely measured in victims 
that expire before hospitalization. With that caveat in mind, some of the human 
correlation studies have provided evidence at odds with the animal literature. 
Several studies have used logistic regression to investigate the likelihood of 
mortality given a positive blood alcohol level at the time of hospital admittance. 
Interestingly, numerous studies have found that a positive BAL at the time of 
injury is associated with a decreased likelihood of mortality (O'Phelan et al., 
2008; Salim et al., 2009a; Salim et al., 2009b; Talving et al., 2010). However, 
these studies did not examine how different levels of intoxication may affect 
mortality. In the largest stratification study performed to date, researchers 
categorized adult TBI sufferers admitted to a critical care center in the Los 
Angeles area into four groups based on BAL at the time of admittance:  none, 
low (1-100 mg/dl), moderate (101-230 mg/dl), and high (>230 mg/dl). 
Surprisingly, TBI patients with a high BAC had a shorter ICU stay, hospital length 
of stay, and a decreased likelihood of death (Salim et al., 2009b). However, 
another study using only three BAC categories (0, 1-230mg/dl, >230mg/dl) found 
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reduced risk of mortality in only the moderate group (Salim et al., 2009a). 
Interestingly, the most recent study to date has found a dose dependent 
reduction in mortality by ethanol (Friedman et al., 2012). 
 Research exploring behavioral function after TBI is complicated by the fact 
that for nearly all published studies the post-injury time point at which the subject 
is tested is not standardized. In a small study of 60 TBI patients, individuals with 
a history of alcohol abuse were more likely to have a longer length of hospital 
stay and prolonged posttraumatic amnesia following the injury (De Guise et al., 
2009). A much larger study of over 1700 TBI patients explored the effects of 
patient preinjury alcohol use on function at the time of admittance to a 
rehabilitation center. Surprisingly, a history of binge alcohol use positively 
correlated with performance on the Disability Rating Scale (DRS), meaning a 
correlation with greater recovery (Vickery et al., 2008). However, intoxication at 
the time of injury was associated with a more negative DRS score. In fact, 
several studies have found a negative correlation between BAL on various 
measures of neuropsychiatric function following moderate and severe TBI 
(Bombardier and Thurber, 1998; Kelly et al., 1997b; Tate et al., 1999).  
Neural Stem Cells 
 All stem cells satisfy two definitional constraints: the capacity for unlimited 
self-renewal and the ability to differentiate into multiple cell types i.e. 
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multipotentiality (Kempermann, 2011). The process by which stem cells produce 
new functional neurons capable of generating an action potential is called 
neurogenesis (Kempermann, 2011). Neurogenesis begins during development, 
when neuroepithelial cells lining the neural tube give rise to radial glia, which 
produce neural and glial progenitor cells (Kempermann, 2011). During 
development, radial glia are characterized by two long processes, one in contact 
with the ventricular layer and another extending to the pial layer, which provides 
a scaffold for progenitor cell migration (Kempermann, 2011). Postnatally it is 
thought that at least a subset of radial glia retract their pial processes and form a 
population of neural stem cells (Kriegstein and Alvarez-Buylla, 2009). In fact, 
some refer to this population of stem cells as “stem astrocytes,” as they share 
many characteristics of parenchymal astrocytes, including expression of glial 
fibrillary acidic protein (GFAP) (Verkhratsky and Butt, 2007). In the adult 
mammalian brain, neurogenic stem cells inhabit two well-defined regions: the 
subgranular zone (SGZ) of the dentate gyrus, and the subventricular zone (SVZ) 
lining the lateral ventricles. These zones are thought of as neurogenic because 
they are permissive to neuronal differentiation, i.e. they allow the development of 
new neurons. Transplantation of a precursor cells only yields new neurons if 
transplanted into one of these two areas (Kempermann, 2011). Within the SVZ, 
there exists a heterogeneous population of cells satisfying various aspects of 
stem cell criteria. The stem cells in the SVZ (called type B cells) are 
characterized by a single ciliary process that contacts the ventricle and a 
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secondary process that interacts with neighboring blood vessels (Fuentealba et 
al., 2012). Thus, the conventional description of these cells as subventricular in 
location is not entirely accurate. These cells can divide asymmetrically to give 
rise to an identical cell and a non-identical progenitor cell (Kriegstein and 
Alvarez-Buylla, 2009). The daughter progenitor cells have a more limited 
capacity for self-renewal but are capable of rapid proliferation (Kriegstein and 
Alvarez-Buylla, 2009). These intermediate progenitor cells in the SVZ are called 
transit-amplifying cells (or type C cells). Because both stem cells and transit-
amplifying cells are the precursors to differentiated neurons and glia they are 
broadly termed neural precursor cells (NPC’s). This terminology is somewhat 
confusing as it implies that these precursor cells are destined to differentiate into 
neurons, when in fact “neural” merely indicates their location in the neural tissue 
as these cells can also differentiate into glia. Any study using a general marker of 
mitotic activity (e.g. BrdU, cell-cycle markers) will label both type B and type C 
cells and thus quantification will be of NPC’s. There exists some controversy as 
to whether ependymal cells might also be considered stem cells, as they may 
undifferentiate in certain contexts (e.g. injury) into radial glia like stem cells (Duan 
et al., 2008; Kempermann, 2011) (figure 2). 
 In rodents, new neurons originating from the SVZ migrate rostrally along 
the lateral ventricles into the olfactory bulbs (Duan et al., 2008). This migration 
chain is called the rostral migratory stream (RMS). In the olfactory bulb, the cells 
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migrate radially and differentiate into at least six distinct populations of inhibitory 
neurons (Kempermann, 2011). This process continues throughout the life of 
many non-human mammals. In humans, this process occurs within the first year 
of life and appears to diminish to the point where the rostral migratory stream is 
essentially absent in adulthood (Sanai et al., 2011). However, unlike rodents, 
within the first few months of life, there appears to exist a neuroblast migration 
pathway from the anterior SVZ to the ventralmedial prefrontal cortex, termed the 
medial migratory stream (Sanai et al., 2011). Despite the near/complete loss of 
these migration pathways, SVZ stem cells persist into human adulthood (Curtis 
et al., 2012; Sanai et al., 2011; Sanai et al., 2004).  
 Neural stem cells in the subgranular zone of the hippocampus have a 
different structure than their SVZ counterparts. SGZ stem cells are not located 
next to a ventricle and are surrounded by neurons (Kempermann, 2011). SGZ 
stem cells also have long processes that extend into the granular and inner 
molecular layer of the hippocampus. These cells are also often characterized by 
a second process that extends away from the hilus towards parenchymal blood 
vessels, a feature shared by SVZ stem cells (Fuentealba et al., 2012). This radial 
glia-like stem cell is in some sense the SGZ analogue of the SVZ type B cell and 
is termed a type 1 cell. Like SVZ B cells,  type 1 cells can divide assymetrically 
into an idential daughter cell and a rapidly proliferating transiently amplifying 
progenitor cell called a type 2 cell. Once type 2 cells begin to differentiate into 
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neurons and express doublecortin, they are termed type 2b cells (Kempermann, 
2011). Unlike in the SVZ, stem cells in the SGZ are thought to give rise primarily 
to excitatory neurons, with a smaller subset becoming oligodendrocytes and 
astrocytes. However injury or disease may alter this balance.  
 
    
Figure 2 A. Representation of a saggital section through the rat brain illustrating 
the two canonical neurogenic regions, the sugranular zone(B) and the 
subventricular zone (C). B &C. Hypothesized relationships between cells within 
the SVZ (B) and SGZ (C). (Adapted from Duan et al., 2008). 
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Stem Cell Labeling 
 Neural stem cells have typically been labeled in-vivo by injection of 
bromodeoxyuridine (BrdU). During DNA replication, BrdU is incorporated into the 
new strands of DNA, taking the place of thymidine. BrdU can then be labeled and 
imaged immunohisotchemically via antibody detection (Fuentealba et al., 2012). 
This method has the advantage that one can label cells at a given time point and 
follow the fate of the cell by sacrificing the injected animal at a later time point. 
However, BrdU when used for quantification is problematic as it assumes equal 
availability and uptake of BrdU between dividing cells in different treatment 
groups (Cameron and McKay, 2001). Thus, if one were to investigate the effects 
of a pharmacological agent on NSC proliferation, one should be sure that the 
agent used does not also affect the kinetics of BrdU labeling. This drawback has 
led others to use methods that label proteins only expressed during stages of 
mitosis. The cell cycle proteins most often labeled are Ki-67 and Proliferating Cell 
Nuclear Antigen (PCNA or cyclin). Ki-67 is expressed during all phases of mitosis 
and is necessary for cell cycle progression (Eisch and Mandyam, 2007). PCNA is 
a microtubule associated protein expressed during all phases of mitosis except 
for metaphase (Kempermann, 2011)(figure 3). Both markers are found in the 
nucleus and have been show to correlate well with BrdU labeling (Sasaki et al., 
1992; Wildemann et al., 2003). However, these proteins have drastically different 
half-lives. The half-life of Ki-67 is estimated to be around 17 hours, while the half-
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life for PCNA is 85 hours, nearly five times longer (Mandyam et al., 2007). This 
means that the population of PCNA positive cells contains cells that divided 
nearly 30 days prior to the animal’s sacrifice.  
 Cell differentiation has typically been quantitated by measuring the 
number of cells expressing BrdU (or a cell-cycle specific marker) along with a 
cell-type specific marker. For neuronal labeling, the protein Doublecortin (DCX) 
has been used extensively (Kempermann, 2011). DCX is a cytoskeletal-
associated protein found in the cytoplasm. DCX specifically labels immature 
neurons starting within the first week post division, with diminishing expression 
levels at 3 to 4 weeks post division (Duan et al., 2008; He et al., 2005). Within the 
SVZ, DCX labels type B and type A cells, while in the SGZ DCX labels type 2b 
and type 3 cells. Other mature neuronal markers commonly used are Beta-III 
tubulin and NeuN (Kempermann, 2011). The study of these markers has been 
instrumental in building our understanding of neural stem cell proliferation, 
differentiation and ultimate function. 
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Figure 3. Chart illustrating the expression of different proliferative markers 
during the phases of the cell cycle (NovoCastra Corporation). 
 
Stem Cells and Alcohol 
 The effects of alcohol on neural stem cells have been extensively studied 
(Leasure and Nixon, 2010; Nixon and Crews, 2002; Tateno et al., 2005). In one 
of the first studies, adult, male, Sprague-Dawley rats were administered BrdU 
followed by a 5g/kg o.g. dose of ethanol (350mg% BAL) and then subsequently 
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sacrificed 4 hours later. Rats given ethanol displayed an average decrease of 
40% in the number of BrdU labeled cells 4 hours after ethanol administration 
when compared to rats given equal volume saline (Nixon and Crews, 2002). This 
finding has since been replicated using the number of Ki-67+ SGZ granule cells 
as a measure of proliferation, avoiding the pitfalls of BrdU labeling (Leasure and 
Nixon, 2010).  If rats were instead administered a 4 day chronic binge regimen of 
ethanol (mean dose 9.3 g/kg/day), average BrdU labeling was decreased to an 
even greater degree, 47% compared to saline (Nixon and Crews, 2002). This 
regimen of ethanol consumption was also found to decrease NPC survival. The 
study contained a subset of rats that were sacrificed 28 days after BrdU 
administration. The number of surviving cells was estimated by dividing the 
number of BrdU labeled cells at 28 days by the group average at 4 hours. 
Animals administered the chronic binge displayed only a 4% precursor cell 
survival rate at 28 days post BrdU injection, compared to an average of 35% 
survival rate in saline administered animals. There was no difference in precursor 
cell survival in rats given the acute dose (Nixon and Crews, 2002). Interestingly, 
NPC’s in culture show increased transcription of Fas signaling pathway proteins 
when exposed to high levels of ethanol (86mM) a possible explanation for the 
reduced cell survival found in ethanol treated rats (Hicks and Miller, 2011). 
 In addition to proliferation and survival, alcohol may also affect NPC 
differentiation. Isolated rat NPC’s exposed to ethanol for 96 hours displayed 
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lower expression of the neural specific marker MAP2 in a dose dependent 
manner (25mM, 50mM, 100mM) (Tateno et al., 2005). This correlated with 
increased numbers of cells expressing the astrocytic marker GFAP and the 
oligodendrocyte marker O4 (Tateno et al., 2005). Recent studies using non-
human primates have lent credence to idea that alcohol-induced reduction in 
NPC’s might also occurs in humans. Non-human primates given access to 
ethanol for 11 months showed a 50% decrease in the number of ki67+ SGZ cells.  
Moreover, the SGZ of the ethanol group, when analyzed 2 months after alcohol 
cessation, displayed fewer cells expressing markers of immature neurons (PSA-
NCAM, NeuroD) (Taffe et al., 2010). This suggests that chronic alcohol may have 
lasting effects on NPC differentiation. Some of these effects may occur, in part, 
due to alcohol’s induction of hypermethylation of genes involved in cell division 
and differentiation (Hicks et al., 2010; Zhou et al., 2011). In summary, single, 
repeated, and chronic doses of alcohol induce a profound decline in the number 
of proliferating neural stem cells and may affect both NPC survival and 
subsequent differentiation. The degree to which alcohol affects these processes 
in the context of a cortical injury remains to be explored.  
Stem Cells after Brain Injury 
Following a traumatic or ischemic insult, multiple studies have shown an 
increase in BrdU labeling of NPC’s in both the SVZ and SGZ (Arvidsson et al., 
2002; Chirumamilla et al., 2002; Lu et al., 2003; Szele and Dizon, 2005). This 
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increase in proliferation may be biphasic. In one study, rats given a LFP were 
subdivided and sacrificed 2 weeks, 2 months, 6 months, or 1 year after the injury. 
At the one-year time point, the injured rats displayed levels of NPC’s more than 
three-fold higher than levels found in sham-injured animals (Chen et al., 2003). 
These cells also stained positive for glial and neural specific markers (GFAP and 
neurofilament). There may also be an early transient increase very shortly after 
TBI, as several studies have found an increase in SVZ and SGZ stem cells in the 
immediate aftermath of the injury (Chirumamilla et al., 2002; Lu et al., 2003). One 
caveat to these studies is that most use BrdU in order to label cells. As 
mentioned above, the use of BrdU in studies in which the numbers of labeled 
cells are compared between groups, assumes that the treatment (in this case 
TBI) does not affect the degree to which BrdU has access to label dividing cells. 
This assumption is likely false after TBI, as the injury can affect BBB permeability 
(Chodobski et al., 2011), CSF clearance rate (Johanson et al., 2011), and brain 
vascularization (Morales et al., 2005). Regardless of whether TBI affects NPC 
proliferation, it has been well established that NPC’s migrate to the injured area 
(Arvidsson et al., 2002; Bye et al., 2011; Salman et al., 2004). In one particularly 
creative study, the lateral cerebral ventricle in 129Sv mice was injected with a 
fluorescent dye 3,3'-dioctadecyloxa-carbocyanine perchlorate (DiO) that is 
selectively taken up by NPC’s. The animals were then given a CCI injury to the 
hemisphere contralateral to the injection site. By sacrificing at various time points 
post-injury the authors were able to demonstrate that SVZ cells migrate to the 
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site of injury. Interestingly, no DiO labeled cells were found in the cerebral 
neocortex opposite the lesion. Co-labeling with cell-type specific markers 
revealed that the majority of DiO labeled cells also expressed the GFAP, and a 
much smaller subset expressed the mature neuronal marker NeuN 3 weeks post 
TBI (Salman et al., 2004). Perhaps regardless of the number, these new neurons 
have been found to be important for recovery. In a nestin–HSV–TK transgenic 
mouse model, ablation of Nestin+ cells with gancyclovir after a CCI above the 
hippocampus, greatly impaired the ability to learn a spatial memory task (Blaiss 
et al., 2011). The idea that new neurons may be beneficial has led to research 
augmenting post-injury neurogenesis in an effort to enhance recovery. Following 
injury, astrocytes release the protein S100B, a protein that has been found to 
enhance hippocampal neurogenesis (Kleindienst et al., 2005). Adult, male, 
Sprague-Dawley rats administered S100B into the lateral ventricle for 7 days 
following LFP to the parietal cortex, displayed greater spatial memory recovery 
when compared to control animals at 34 days post-TBI (Kleindienst et al., 2005). 
These results have essentially been repeated by the same lab using two different 
NPC mitogens: basic fibroblast growth factor and epidermal growth factor. In 
both cases, SVZ and SGZ proliferation was enhanced and MWM performance 
was greater in treated groups (Sun et al., 2010; Sun et al., 2009). Interpretation 
of these studies carries the caveat that all three treatments could be enhancing 
the same or different unmeasured culprit(s) of the improved recovery and the 
parallel increase in NPC proliferation may be a related epiphenomenon. 
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However, combined with the above research by Blaiss et al (2011), the work 
suggests that enhanced neurogenesis is ain important component of recovery 
after cortical damage. To our knowledge, no study has explored the combined 
influence of TBI and alcohol on NPC proliferation and differentiation. 
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CHAPTER THREE 
THE EFFECTS OF SINGLE AND REPEATED BINGE ALCOHOL 
ADMINISTRATION 
BEFORE TRAUMATIC BRAIN INJURY 
ON 
FUNCTIONAL RECOVERY 
 
ABSTRACT 
 Traumatic Brain Injury afflicts an estimated 1.7 million Americans every 
year (Coronado et al., 2012). A significant proportion of these individuals are 
intoxicated at the time of injury (Parry-Jones et.al; 2006). The degree to which 
alcohol affects long-term functional recovery is controversial. To this end, we 
evaluated how a repeated binge regimen and a single dose of ethanol delivered 
prior to a TBI affects sensorimotor recovery. Adult, male, Sprague-Dawley rats 
administered a 2g/kg dose of ethanol i.p. for three consecutive days followed by 
a controlled cortical impact injury one hour after the final dose, took longer to 
recover and had a worse overall recovery compared to vehicle-administered 
controls. In contradistinction, rats administered a single dose of ethanol (2g/kg 
i.p.)one-hour prior to a TBI exhibited a faster recovery compared to animals that 
received a TBI with vehicle control. The recovery deficit in repeated binge 
administered rats was likely not due to increased anxiety or impaired gross 
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sensorimotor function, as we did not find a statistically significant difference in 
gross motor, exploratory, or anxiety-like behavior as measured using the open 
field test. To our knowledge, this is the first demonstration that alcohol, prior to 
TBI, affects long-term sensorimotor functional recovery.  
INTRODUCTION 
 30-50% of individuals suffering a TBI have a BAL above the legal limit at 
the time of injury (Parry-Jones et al., 2006). Furthermore, binge alcohol use, in 
which an individual ingests a quantity of alcohol that leads to a BAL above the 
legal limit in one sitting, is increasing in prevalence. The NIAAA recently 
estimated that 17% of Americans habitually binge drink alcohol. Within this 
population, binge drinking occurs an average of 4.4 occasions per month. 
Notably, binge drinking is not only a routine of alcohol intake in young people. 
While there are fewer binge drinkers age 65 and older, older binge drinkers do so 
more frequently (5.5 episodes per month).  This problem is particularly 
pronounced within our nation’s military. A recent consensus report from the 
Institute of Medicine estimated that the prevalence of military binge drinking has 
increased from 35% in 1998 to present estimates of 47%.  This percentage is 
particularly alarming given the increased risk of TBI among this population 
(O'Brien et al., 2012). 
 The consequences of alcohol intoxication at the time of TBI on long-term 
functional recovery have not been extensively researched. Some work in animal 
models of TBI suggests that alcohol at the time of TBI leads to a worse motor 
recovery when the TBI is moderate to severe (Yamakami et al., 1995) when 
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alcohol is given in a binge regimen (Prasad et al., 2001) or in a very high dose 
(Franco et al., 1988). Conversely, research suggests that alcohol given acutely 
may be neuroprotective (Kelly et al., 1997a).  
 To our knowledge, no published study has evaluated the effects of single 
binge and repeated binge alcohol use prior to TBI on long-term sensorimotor 
recovery. We used a measure of skilled sensorimotor function, the skilled-
reaching task, to answer just this question: how does alcohol intoxication 
(delivered either as a single dose or as part of a repeated binge regimen) prior to 
a TBI affect long-term functional recovery? We show that that rats given ethanol 
as part of a repeated binge regimen recover more slowly and display a reduced 
overall level of improvement in comparison to vehicle administered controls. 
Secondly, we demonstrate that rats given a single binge dose of ethanol prior to 
TBI recover faster than rats given only vehicle control prior to TBI. Moreover, 
differences in skilled reaching performance are likely not due to a more general 
motor deficit or increased anxiety.  
Experimental Design 
 We conducted three separate experiments exploring behavioral recovery 
after TBI. The first experiment explored the effects of a repeated binge dose 
(once per day for 3 consecutive days) prior to TBI on sensorimotor recovery (fig 
4.2). The second experiment sought to explore whether a single dose of binge 
ethanol, delivered 1 hour prior to TBI would affect sensorimotor recovery as 
measured using the skilled forelimb reaching task (fig.4.1). And finally the third 
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experiment investigated the effects of the same repeated binge regimen on gross 
motor and anxiety-like behavior (fig 4.3).   
 
 
MATERIALS AND METHODS 
Animals 
 52 2-3 month-old male Sprague Dawley rats (Harlan, IN), were used in 
this study. Rats were housed two to a cage in a fully accredited animal care 
facility with a 12-hour light/dark cycle. Rats were food-restricted to 95% of their 
predicted weight by age. Experiments were approved by the Hines VA 
Institutional Animal Care and Use Committee. All animals were number coded 
and investigators were blinded to the animal treatment groups.  
Behavioral Training/Testing 
1 dose of ethanol 2(gm/kg i.p.) 
Figure 4. Experimental Design, 1. Timeline for single binge ethanol study is represented by blue and purple arrows from right to left. 2. Timeline for the repeated binge ethanol study is represented by the red and purple arrows. 
3 doses of ethanol     2(gm/kg i.p.) 1 per day for 3 days 
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 a. Skilled Forelimb Reaching Task  
 Our lab has extensive experience using the skilled-forelimb reaching task 
as a functional assessment tool following cortical injury (Andrews et al., 2008); 
(Markus et al., 2005); (Papadopoulos et al., 2009). The rat is placed in a 
Plexiglas chamber (30x36x30 cm) with a rectangular opening (1.5 x 3 cm) on one 
wall. There is an external shelf underneath the opening. Small round sucrose 
pellets (45 mg; Bilaney Consultants, Frenchtown, NJ) are placed one after the 
other onto the shelf. During the pre-TBI phase, animals were trained to reach for 
pellets. A single trial consisted of 20 pellets placed successively on the shelf. 
Rats are trained to a baseline success rate of 14 out of 20 successful reaches. A 
successful reach was defined as one in which the animal, in one attempt, 
reaches through the hole, grasps the pellet, and brings it back to its mouth. 
During the course of training, we were able to determine limb preference. 
Following a TBI contralateral to the preferred limb, animals in experiment 1 and 2 
were tested five days a week on the skilled-forelimb reaching task for 5 minutes 
each day.   
 b. Open Field Testing  
 12 days after TBI, rats in experiment 3 were placed in a 277cm diameter 
circular metal arena. All animals were placed in the starting position and 
recorded while ambulating/exploring for 30 minutes. To examine anxiety-like 
behavior, the circular arena was demarcated into 2 zones, an inner circle, 
occupying 30% of the total area with the radius emanating from the arena center 
and an outer periphery. The testing arena was cleaned between each testing 
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period. Each trial was recorded and then analyzed using Noldus Ethovision 3.1. 
All behavioral tests were administered by an evaluator blind to the experimental 
group of the animal.  
Alcohol Administration  
 Rats were administered either a single binge dose of alcohol (2g/kg,i.p.) or 
3 consecutive doses of alcohol (2g/kg,i.p.) once per day for 3 days. Control 
animals received an equal volume of .9% saline, given using an identical dosing 
schedule (singly or repeated). This alcohol dose leads to blood alcohol levels 
typical of a TBI patient entering the emergency room (200 mg/dl) (Bombardier 
and Thurber, 1998) and is well tolerated in rats, leading to no adverse weight 
loss. Moreover, this dosing regimen has been adapted from one previously used 
to mimic binge drinking (Przybycien-Szymanska et al., 2010). One hour after the 
final injection, animals were either subjected to a moderate brain injury using the 
controlled cortical impact model (CCI) of TBI or in experiment three given a sham 
surgery. The sham surgery consisted of all the same procedures done in the CCI 
surgery, except for impact from the piston impactor. 
Blood Alcohol Level Quantification 
 100µl of blood was drawn from the tail vein of each rat immediately 
following the TBI surgery. Blood was then allowed to clot for 5 minutes and 
centrifuged. The plasma was extracted. In a subset of animals the blood alcohol 
level was quantified using an oxygen-rate alcohol analyzer (Analox Instruments). 
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The Instrument measures the amount of alcohol by measuring the rate of oxygen 
consumption in the following reaction (alcohol +O2 -> acetaldehyde + H2O2). 
TBI model 
 All rats were anesthetized using 75mg/ml isoflurane delivered as an 
inhalant with 5% oxygen. The TBI was delivered using a double acting magnetic 
piston mounted on a stereotaxic crossbar, angled for cortical impact (diameter: 
3mm, velocity: 2.5m/sec, depth: 2mm, dwell time: 250 msec). Using a trephine, a 
disc of bone was removed above the forelimb area of the sensorimotor cortex 
(1mm anterior, 1.5 mm lateral from bregma) opposite the preferred reaching limb 
among trained rats. Rats that were not trained on the reaching task (experiment 
3) all received a TBI to the sensorimotor cortex of the right hemisphere. This 
impact results in a reproducible lesion, typified by both focal and diffuse brain 
damage. Sham animals are treated identically (anesthetized, skin incision, etc), 
apart from the piston. The CCI model has the advantage that it allows one to 
control the physical/ kinetic variables of the injury (velocity, dwell-time, diameter, 
etc). In our model, this injury leads to prolonged deficits on the skilled forelimb 
reaching task. Most importantly, the CCI model is clinically relevant, leading to 
the histological sequelae often seen in humans after TBI: epidural and subdural 
hematoma as well as intraparenchymal petechial hemorrhages (Miller et al., 
2001).  Following surgery rats are given the analgesic buprenorphine for 3 days. 
Following the lesion, rats are able to ambulate and eat normally in less than 3 
hours.  
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Perfusion 
 7 weeks after TBI, rats tested on the skilled reaching test (experiments 1 
and 2, figure 4) were overdosed with sodium pentobarbital (100 mg/kg, i.p.) and 
transcardially perfused with 0.9% saline and 4% paraformaldehyde. Brains were 
extracted and cryoprotected and frozen in Optimal Cutting Temperature 
Compound (OCT) for cryosectioning. Rats tested on the open field test 
(experiment 3) were sacrificed 3 weeks after TBI in an identical manner (figure 
4).  
Lesion analysis 
 All brains were coronally cryosectioned at 40µm and alternating sections 
were stained for Nissl substance. The TBI lesion volume was quantified from -
1.4mm to 2.5mm relative to bregma using the method outlined in Kawamata et al 
(the total area of the uninjured contralateral hemisphere – total area of the injured 
(ipsilesional) hemisphere, divided by the intact hemisphere) (Kawamata et al., 
1997). The lesion size is thus expressed as a percentage of the unlesioned 
contralateral hemisphere.  
Statistics  
  All data analysis was performed using either SAS (SAS Institute, Cary, 
NC, USA) or R: A Language and Environment for Statistical Computing. Skilled 
reaching data was fit using a nonlinear, 3-parameter, binomial logistic, mixed 
effects model (figure 5) in which α and β were modeled by fixed effects while γ 
was modeled by random effects. Lesion volume and Open Field group 
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comparisons were done using an ANOVA or unpaired t-test where appropriate, 
with α=.05 as the cutoff for statistical significance.    
RESULTS 
Repeated Binge Ethanol and Sensorimotor Recovery 
 Rat performance on the skilled-forelimb reaching task showed an increase 
in sensorimotor recovery over the course of 7-weeks (figure 5B). The slope of 
recovery (β) was not significantly different between groups. However, the 
midpoint (γ) and the recovery asymptote (α) were found to be significantly 
different (p<.05). Ethanol treated rats reached the midpoint of recovery at a later 
time point (20.1±2.6478 days compared to 14.6087±2.7465 days in saline treated 
rats). The asymptote of recovery was also found to be lower among the ethanol 
treated rats (48.47%± 1.05 compared to 51.92%±.94 in saline treated rats)(figure 
5). Put simply, ethanol treated rats took longer to reach the midpoint of a worse 
recovery.  
 
Repeated Binge Alcohol and Anxiety, Gross Motor and Exploratory 
Behavior            
 We found no significant effect of injury (TBI or Sham), Treatment (Ethanol 
or Saline) or the interaction between Treatment and Injury on the average 
velocity or total distance travelled in the open field test (two-way ANOVA, p>.05). 
We also found no significant difference in the main effects or the interaction when 
comparing the average length of time it took to enter the center zone from the 
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periphery, total time spent in the center zone, or average velocity while exploring 
the center zone (two-way ANOVA, p>.05) (figure 6).  
 
Acute Binge Ethanol and Sensorimotor Recovery  
 Rats given a single dose of binge ethanol (2g/kg) or vehicle control 1-hour 
prior to a TBI showed an improvement in performance over the course of 7-
weeks as measured using the skilled-forelimb reaching task (figure 5A.). More 
specifically, rat performance on the skilled forelimb-reaching task was fit to a 3-
parameter binomial logistic model with the following form:                                          
The slope (β) and asymptote (α) were not significantly different 
between groups. However, ethanol treated rats reached the midpoint (γ) of 
recovery at a statistically significant earlier time point than vehicle control animals 
(7.48±2.25 days compared to 14.03±2.25 days in saline treated rats, p<.001) 
(Figure 7). 
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Lesion analysis 
 Lesion size was quantified in both the repeated binge ethanol treated rats 
and single binge ethanol treated rats. In the repeated binge ethanol studies, rats 
were sacrificed at either 3 weeks (experiment 3) or 7 weeks (experiment 2). We 
found no statistically significant difference between groups at either time point 
(unpaired t-test, p>.05). In the single binge ethanol experiment, we found no 
statistically significant difference in lesion volume at 7 weeks post-TBI (p>.05, 
unpaired t-test). We also compared whether there was a difference in lesion 
volume from week 3 to week 7, i.e., did the lesion size change over time? 
Ignoring the treatment groups, a comparison of the 3 week vs. the 7 week lesion 
volume revealed a significant effect of Time (p<.001). Finally, we pooled all rats 
tested on the skilled-reaching test to explore whether lesion size negatively 
correlated with the estimated recovery asymptote. However, the relationship 
between brain damage and final reaching recovery was not statistically 
significant (p>.05) (figure 8).  
Blood Alcohol Level 
 Rat blood alcohol level one hour after TBI was a mean of 188.5 mg/dl, 
with a standard error of 20.7 mg/dl (figure 9).  
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Rat weight 
Rat weight on the day of surgery was not significantly different between 
treatment groups (p>.05). Following surgery, rat weight transiently decreased 
over the course of a few days. However, the number of days until the animal 
reached its pre-surgery weight was not significantly different between ethanol vs. 
saline treated groups (p>.05). 
DISCUSSION 
  We found that a single intoxicating dose of ethanol given prior to a TBI led 
to a significantly faster recovery on the skilled-forelimb reaching task. However, 
the same dose, administered in a repeated binge-like fashion before a TBI, led to 
a significantly slower recovery and a significantly worse overall improvement. Our 
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single binge dose results are supported by the findings of Kelly et al, who 
compared recovery on a beam walk task in rodents given 1 of 4 different 
treatments (1.5g/kg, 2.5g/kg, 3g/kg EtOH, or saline) 40 minutes before a CCI. 
Animals given 1.5 or 2.5g/kg EtOH recovered faster than rats given saline or 
3g/kg EtOH. Those groups also exhibited a smaller lesion size measured 7 days 
after TBI (Kelly et al., 1997a), a finding we did not replicate. Other work 
examining TBI, alcohol, and memory function corroborates our finding of a 
deleterious effect of a binge regimen of ethanol. Male, adult, Sprague-Dawley 
rats administered a single binge dose of ethanol followed by a TBI displayed 
poorer performance on the Morris Water Maze compared to saline treated control 
rats (Prasad et al., 2001). We also explored whether skilled reaching 
performance post-TBI was influenced by increased anxiety or a general 
motor/cognitive deficit. Our results from the open-field test suggest that our TBI 
model does not lead to a deficit in exploratory behavior or increased anxiety-like 
behavior. Our expectation was that TBI would decrease exploratory behavior and 
that alcohol would enhance this decrement. A previous study demonstrating a 
decrease in exploratory behavior following a CCI used kinetic parameters 
expected to lead to an injury more severe than our own (Wagner et al., 2007). 
Future studies could use a more severe TBI to attempt to model the finding 
amongst human patients of an increased likelihood of developing a mood 
disorder following TBI. 
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 Concerning the different sensorimotor recovery results, from a 
mechanistic standpoint, there are a number of alcohol interactions that could be 
considered neuroprotective if given in the short term but deleterious in the long 
term. Following injury, high levels of glutamate can activate NMDA receptors 
leading to excessive Ca2+ uptake, a phenomenon termed excitotoxicity. Alcohol 
is a strong antagonist of the NMDA receptor. Given the role of excitotoxicity in 
the secondary injury process, acute alcohol could be beneficial at the time of 
injury by blocking NMDA receptors and reducing Ca2+ uptake (Hall et al., 2010; 
Nagy, 2008). Conversely, longer alcohol exposure can lead to a compensatory 
increase in NMDA receptor expression (Nagy, 2008). Furthermore, prolonged 
alcohol use has also been shown to increase levels of the NMDA receptor co-
agonist homocysteine (Nagy, 2008). Alcohol may also selectively alter the 
expression of the subunits of the NMDA receptor, changing the binding 
characteristics of the receptor population. More specifically, research suggests 
that longer alcohol exposure leads to an upregulation of the NR2B subunit (Nagy, 
2008). TBI by itself transiently increases NR2B expression (Arifin et al., 2011). 
This may be deleterious at the time of injury as the NR2B subunit is associated 
with increased cell death after ischemia (Arifin et al., 2011). In fact, blockade of 
the NR2B subunit prior to the induction of a rodent model of stroke by middle 
cerebral artery occlusion (MCAO) leads to a smaller lesion volume (Liu et al., 
2007). For these reasons, following an injury, once the final repeated binge dose 
of alcohol has been metabolized to acetaldehyde, there may be a protracted 
period of augmented excitotoxicity leading to increased cell death. This poses an 
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intriguing possible mechanism for the discrepancy in recovery and is a future 
direction to be explored. 
 If indeed a single binge dose of alcohol impedes excitotoxicity and  
repeated binge doses enhance it, than we might expect to see different levels of 
cell death leading to differing lesion sizes. By our method of lesion size 
assessment, we found no such difference. This could be due to the somewhat 
crude nature of the method. The lesion size is measured by outlining both the 
injured and uninjured hemispheres. This method does not take into account 
differences in perilesional areas and thus future efforts could be made to better 
assess perilesional damage. One of the most sensitive techniques used in the 
past to image perilesional damage is the de Olmos silver stain (Hall et al., 2005). 
We chose not to use this method as it precludes one from looking at other 
cellular markers. Finally, it has been appreciated for over a century that the brain 
is an adaptable organ with the ability to profoundly compensate for injury. It is 
possible that alcohol may be modulating any number of processes involved in 
injury compensation. One method of compensation may come from proliferation 
of neural precursor cells. It has been demonstrated that new NPC’s are able to 
migrate to the lesion site and enhance functional recovery (Blaiss et al., 2011).  
Hence, it seems relevant that acute and repeated binge doses of alcohol are 
thought to have differing effects on NPC cell survival. Chronic alcohol has been 
found to reduce the number of surviving neurons by approximately 90% relative 
to saline treated animals when evaluated 28 days after alcohol cessation (Nixon 
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and Crews, 2002). The same effect was not seen in rats given only a single 
acute alcohol dose (Nixon and Crews, 2002). This discrepancy might partly 
explain the divergence in the recovery process of repeated vs acute ethanol 
treated rats. We therefore chose to explore this possibility in the following 
chapter. 
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CHAPTER FOUR 
THE EFFECTS OF REPEATED BINGE ALCOHOL ADMINISTRATION 
BEFORE TRAUMATIC BRAIN INJURY 
ON 
CELL PROLIFERATION AND DIFFERENTIATION  
IN THE  
SUBVENTRICULAR ZONE 
 
ABSTRACT 
 Traumatic brain injury has been found to increase the number of BrdU 
positive cells in the SVZ and SGZ. These cells are thought to be involved in the 
post-injury repair process. In contradistinction, alcohol in acute, binge and 
chronic doses has been found to decrease the proliferation of SVZ stem cells in 
the adult non-injured rodent brain. Our lab has found that a repeated binge dose 
of alcohol administered prior to a TBI leads to a reduced functional recovery. To 
our knowledge, no published study has explored the effects of alcohol and TBI 
on brain precursor cell proliferation. We sought to determine whether pre-TBI 
ethanol impairs NPC proliferation following the injury. Male Sprague-Dawley rats 
were given either a repeated binge regimen of ethanol (2g/kg for three days ip) 
followed by either a TBI or sham surgery using the CCI model of TBI. To assess 
SVZ proliferation and neuronal differentiation, we double-labeled SVZ stem cells 
with a marker of division (PCNA) and an immature neuronal marker 
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(Doublecortin). Using unbiased stereological methods, we calculated the density 
of PCNA+ cells and DCX+ in the SVZ 21 days after TBI.   
We found a significant main effect of ethanol on SVZ PCNA+ and DCX+ cell 
density. However TBI did not potentiate this reduction in cell density. 
INTRODUCTION 
 The injured brain responds in a myriad of ways to limit damage and to 
compensate for neuronal loss. One compensatory mechanism may be the 
mobilization of precursor cells from the SVZ and SGZ. Recent research has 
demonstrated the importance of these cells after TBI. Ablation of Nestin+ 
progenitor cells leads to a worse functional recovery following cortical injury 
(Blaiss et al., 2011). It is not completely known how NPCs improve recovery. 
Numerous papers have found that following experimental stroke, TBI or 
aspiration lesion, there is a transient increase in the number of BrdU-labeled cells 
in the rat SVZ and SGZ (Ramaswamy et al., 2005; Szele FG et al., 2005; 
Arvidsson et al., 2002). Moreover, this increase in proliferation has been found in 
both the ipsilesional and the contralesional SVZ, leading some to speculate that 
a mitogen diffuses from the injury site, increasing proliferation and acting as a 
chemoattractant (Szele and Dizon, 2005).  This increase in proliferation may be 
species specific, however, as most research evaluating the same effect in mice 
have found a decrease in BrdU labeling (Szele and Dizon, 2005). However, it has 
been well established in both rats and mice that NPC’s migrate to the site of 
injury (Ramaswamy et al., 2005). Under normal conditions a large percentage of 
precursor cells die following division and migration, but cortical injury may 
55  
 
 
increase the percentage of surviving cells (Blaiss et al., 2011; Szele and Dizon, 
2005). In addition to affecting survival and proliferation, cortical injury has also 
been found to affect precursor cell differentiation. Within the SVZ, the number of 
cells expressing PSA-NCAM (an immature neuronal marker) increases following 
aspiration lesion (Szele and Chesselet, 1996). Cells that migrate to the 
perilesional area differentiate and express mature cell markers (Szele and Dizon, 
2005). Migrating SGZ cells have been shown to differentiate into neurons with 
extensive dendritic processes (Blaiss et al., 2011). Following an experimental 
model of stroke, SVZ stem cells were able to migrate into stroke damaged 
striatum and differentiate into medium-sized spiny neurons, a neuronal type SVZ 
cells are not thought to differentiate into under normal conditions (Arvidsson et 
al., 2002). In summary, cortical injury can affect proliferation, migration, survival, 
and differentiation of NPC’s.  
 Alcohol has also been shown to affect NPC’s. Multiple studies have 
demonstrated that alcohol delivered in moderate to high doses leads to a large 
decrease in precursor cell proliferation in both the SVZ and SGZ (Anderson et 
al., 2012; Nixon and Crews, 2002). Chronic alcohol use has been associated with 
an increased release of IL-1β (Zou and Crews, 2012). It has recently been 
demonstrated that this reduction is itself caused by IL-1β, as levels are reversed 
back to baseline if IL-1β is neutralized by an IL-1β specific antibody or the IL-1β 
receptor is blocked in the presence of alcohol (Zou and Crews, 2012). 
Additionally, alcohol may also affect NPC differentiation. In fact, microgliosis has 
been found to be significantly increased after alcohol cessation (Nixon et al., 
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2008). Thus, alcohol can affect precursor cell proliferation, survival, and 
differentiation. To our knowledge; the effects of alcohol on TBI-induced 
proliferation and differentiation remain unexplored. We therefore chose to 
examine how binge alcohol prior to TBI would affect SVZ proliferation and 
neuronal differentiation. 
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Figure 10. A. Illustrates a coronally sectioned rat brain section. B. 20x 
magnification of the subventricular zone. PCNA is stained black while 
DCX is stained red. C A sagital section. D. The rostral migratory 
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MATERIALS AND METHODS 
Animals 
 21 2-3 month-old male Sprague Dawley rats (Harlan, IN), were used in 
this study. Rats were housed two to a cage in a fully accredited animal care 
facility with a 12 hour light/dark cycle. Experiments were approved by the Hines 
VA Institutional Animal Care and Use Committee. All animals were number 
coded and investigators were blinded to the animal treatment groups. 
Alcohol Administration  
 Rats were administered a dose of ethanol (2g/kg,i.p. in .9% saline) once-
per-day for 3 consecutive days. Alternatively, control animals received equal 
volume .9% saline, given using an identical dosing schedule. This ethanol dose 
leads to blood alcohol levels typical of a TBI patient entering the emergency 
room (200 mg/dl) (Bombardier and Thurber, 1998)and is well tolerated in rats. 
One hour after the final injection, animals were either subjected to a moderate 
brain injury using the controlled cortical impact model (CCI) of TBI or given a 
sham surgery.  
TBI model 
 The TBI was delivered using a double acting magnetic piston mounted on 
a stereotaxic crossbar, angled for cortical impact (diameter: 3mm, velocity: 
4.5m/sec, depth: 2mm, dwell time: 250 msec). Using a trephine, a disc of bone 
was removed above the right forelimb reaching area of the sensorimotor cortex 
(1mm anterior, 1.5 mm lateral from bregma). Sham animals are treated 
identically (anesthetized, skin incision, etc), apart from the piston impact. 
59  
 
 
Following surgery rats were given the analgesic buprenorphine for 3 consecutive 
days. Following the lesion, rats are able to ambulate and begin to eat and drink in 
less than 4 hours. 
 Perfusion 
 3 weeks after injury rats were overdosed with sodium pentobarbital (100 
mg/kg, i.p.) and transcardially perfused with 0.9% saline and 4% 
paraformaldehyde. Brains were extracted, cryoprotected, and frozen in OCT for 
cryosectioning.  
Immunostaining 
  Rat brains cryoprotected in Optimal Cutting Temperature compound 
(OCT) were coronally sectioned at 40μm. Alternate sections were double-labeled 
for doublecortin and PCNA. Free-floating sections were first permeabalized for 
30 minutes in 0.1%Tris buffered saline (TBS)-0.1%Triton-X(TX). Sections were 
than exposed to 20 minutes of 0.3% H2O2 and then washed five times in TBS-
TX. Next, sections were subjected to antigen-retrieval for 30 minutes in 80°C 
10mM Sodium Citrate (pH 9). Sections were washed again 5 times in TBS-TX 
and blocked in 10% normal goat serum (NGS)-0.1M TBS-0.1%TX. Rabbit Anti-
rat doublecortin (1:1000) in NGS-TBS-TX was applied overnight. Following 
primary antibody incubation, sections were washed 5 times in TBS-TX. 
Subsequently, sections were incubated with a horse anti-rabbit biotinylated 
secondary antibody (1:125) for 2 hours and washed 5 times in TBS-TX. We then 
added the ABC vector lab solution (Vectastain ABC-AP kit, Vector labs, 
Burlingame, CA) for 30 minutes, followed by 5 washes in TBS-TX.  The Vector 
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red substrate was then applied for 30 minutes. The secondary antibody was then 
blocked with biotin for 15 minutes and with avidin for an additional 15 minutes. 
Sections were then washed, blocked in NGS-TBS-TX and incubated in Mouse 
Anti-rat PCNA (1:1000) overnight. Subsequently, sections were again washed 5 
times in TBS-TX and then incubated in goat Anti-mouse secondary antibody 
(1:125) for 2 hours. Sections were washed and incubated in the ABC vector lab 
solution for 20 minutes. After an additional five washes in TBS-TX, sections were 
preincubated in Nickel Ammonium Sulfate. Finally sections were stained in DAB-
Nickel ammonium sulfate for 5 minutes. Sections were then washed in TB and 
coverslipped with permount. 
Cell Density Quantification  
 The cell number in each animal was estimated in 4-6 40 μm sections 
extending from the rostral lesion border to the caudal lesion border. Every twelfth 
section was analyzed within the lesion for a total of 4-6 sections per rat, 
depending on the rostral to caudal diameter of the lesion. The density of PCNA 
labeled cells (brown–black staining) and double-labelled DCX+/PNCA+ (brown-
black surrounded by red staining) was estimated using unbiased stereology. 
More specifically, we used the optical-fractionator method within the 
StereoInvestigator software (Micro Bright Field, Williston, VT). First, we drew a 
contour around the ipsilesional and contralesional subventricular zones. The 
zone encapsulating the SVZ was drawn such that the average distance from the 
ventricular border to the outer boundary of the contour was 50μm. The counting 
parameters were the distance between counting frames (15 μm), the counting 
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frame size (15 × 15 μm), the dissector height (30 μm), and the guard-zone 
thickness (1.5 μm). The volume of the SVZ within the area in which cells were 
quantified was determined using the Cavalieri Method, using StereoInvestigator 
software (Micro Bright Field, Williston, VT). For density measurements, the 
estimated cell number was divided be the estimated volume of the SVZ contour 
in which cells were counted. All morphometric and cellular quantification was 
conducted by an investigator blind to the animal treatment. 
Statistics 
All data analysis was performed using R: A Language and Environment 
for Statistical Computing. Cell Density comparison was performed using a two-
way ANOVA. An α level .05 was used as the cutoff for statistical significance.  
RESULTS  
 We first evaluated whether the proximity of the SVZ to the lesion site 
affected the number of PCNA+ and double-labeled DCX +/PCNA+ cells, i.e. 
whether there was greater proliferation in the injured vs. uninjured SVZ. The 
density of PCNA+ and DCX+/PCNA+ cells was not significantly different in 
contralesional compared to ipsilesional SVZ’s (p>.05). Next, we examined 
whether there was a significant main effect of Injury or Treatment or an 
interaction between Injury (sham, TBI) and Treatment (ethanol, vehicle) on 
PCNA+ (table 1) or DCX+ cell density (table 2) in each SVZ (ipsilesional and 
contralesional).  
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Table 1. PCNA Cell Density two-way ANOVA Results 
Effect Treatment Injury Treatment*Injury 
Ipsilesional 
PCNA 
p=.005 p=.154 p=.44 
Contralesional 
PCNA 
p=.032 p=.360 p=.324 
 
 
Table 2. DCX Cell Density two-way ANOVA Results 
Effect Treatment Injury Treatment*Injury 
Ipsilesional 
DCX 
p=.017 * p=.07 p=.191 
Contralesional 
DCX 
p=.415 p=.228 p=.597 
 
We found that ethanol had a significant effect on PCNA cell density in both the 
ipsilesional and contralesional SVZ (figure 11, table 1). In both zones, saline 
treated animals displayed a higher PCNA cell density (figure 11). However, there 
was not a statistically significant effect of Injury or Injury x Treatment interaction 
(p>.05). These results were nearly identical when looking at DCX+/PCNA+ cell 
density (figure 12, table 2), except the statistically significant effect of alcohol was 
only found in the ipsilesional SVZ.  
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DISCUSSION 
 Our expectation was that rats given a TBI would display a marked 
increase in the number of new precursor cells and that alcohol would attenuate 
or fully reverse this increase.  Concerning the second expectation, our results 
corroborate and extend previous reports indicating that alcohol decreases NPC 
proliferation. Numerous papers have demonstrated that alcohol in moderate to 
high doses leads to a large decrease in precursor cell proliferation in both the 
SVZ and SGZ (Anderson et al., 2012; Nixon and Crews, 2002). It should be 
noted that our report used PCNA labeling as an indicator of NPC proliferation. 
This differs from the aforementioned articles in that these used BrdU and 
quantified NPC proliferation while the animals still had alcohol in their system. 
Since rats were sacrificed at 21 days post TBI, the population of labeled cells will 
contain cells of differing ages. One report found that following cessation of 
chronic alcohol use, there is a marked increase in the number of new SGZ cells 
at 2 and 7 days post-cessation (Anderson et al., 2012). Similar findings have 
been found when looking at proliferation in the SVZ (Hansson et al., 2010). In 
one study, rats were administered a high chronic dose of ethanol for 7 weeks, 
followed by alcohol abstinence. Researchers found a burst of proliferation at 3 
days post-cessation, and a reversion to baseline by 7 days (Hansson et al., 
2010). Interestingly, the study also found that DCX+ immunoreactivity was 
decreased by approximately 40% at 21 days post cessation. This precisely 
mirrors our findings of a lower DCX+/PCNA+ density in the SVZ of alcohol 
treated sham rats relative to saline treated sham controls. Our results indicate 
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that alcohol’s reduction in proliferation may be more prolonged than previously 
demonstrated. 
 A decrease in DCX positive cells could occur for several reasons; either 
ethanol is decreasing the overall level of proliferation, the percentage of cells that 
differentiate into neurons has been altered or there is an increase in the 
migration of DCX cells migrating away from the SVZ. Our finding that the number 
of PCNA labeled cells is reduced in ethanol treated rats suggests the most likely 
explanation is that decreased proliferation leads to a smaller pool of precursor 
cells to differentiate into neurons. However, an alternative interpretation may be 
that ethanol also has prolonged effects on differentiation. In fact, microgliosis has 
been found to be significantly increased after alcohol cessation (Nixon et al., 
2008). Thus more precursor cells may be differentiating into microglia as 
opposed to other types of glia or neurons. Future studies could investigate 
whether TBI with alcohol further potentiates this change in the balance of 
precursor cell differentiation.   
Concerning TBI, we did not find any evidence that TBI leads to an 
increase in the number of SVZ precursor cells. Why might our results disagree 
with the previous literature? One reason for this may be due to the method used 
in past studies to quantify new precursor cells after TBI. Most studies 
demonstrating a TBI-induced increase in precursor cell proliferation injected 
BrdU after injury and then counted the number of BrdU+ cells. This approach, if 
used to compare cell number/density between different treatment groups, 
assumes that the treatment itself will not affect the ability of the marker to label 
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what the researcher is interested in quantifying (in our case, dividing cells). There 
are a myriad of ways this assumption could be violated when studying TBI. 
Firstly, BrdU must permeate the brain to the same degree in both sham-injured 
and TBI-injured animals. This is problematic, given that before BrdU can label 
dividing brain cells it must first traverse the BBB (Taupin, 2007) and it is well 
known that TBI leads to a transient permeabilization of the BBB that is thought to 
occur in a biphasic fashion, peaking at 4-6 hours and again at 2-3 days post-TBI 
(Chodobski et al., 2011). This could, therefore, be one explanation of previous 
findings of an increase in SGZ precursor cell proliferation peaking at 3 days post-
TBI (Chirumamilla et al., 2002; Dash et al., 2011; Kernie et al., 2001). 
Furthermore, alcohol coupled with TBI leads to a synergistic increase in BBB 
permeability (Flamm et al., 1977; Persson and Rosengren, 1977). Secondly, 
BrdU injected i.v. or i.p. must travel from the blood into the brain parenchyma, 
raising the important point that differences in vascular integrity can affect BrdU 
localization. The fact that TBI leads to blood vessel damage, intravascular 
coagulation, and arteriole occlusion that would not be present in the sham-injured 
animal is particularly relevant. Even if we disregard these issues, BrdU is a useful 
tool for quantification because it is scavenged by the cell and incorporated into 
replicating DNA during S-phase. However, thymidine uptake (like that of other 
deoxynucleosides) is not the only means the cell has of obtaining thymidine for 
replication, since it can also be synthesized de novo (Sato et al., 2006). Under 
normal conditions most deoxynucleosides are primarily obtained via the 
scavenge pathway (Sato et al., 2006). However, after trauma we speculate that 
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this balance might be shifted to an even greater degree, favoring the less energy 
intensive scavenge pathway. Such a shift could lead to greater BrdU labeling 
within TBI injured animals relative to sham controls. For all these reasons, 
studies using BrdU following an injury (or any treatment that affects these 
factors) should be viewed with some skepticism.  
 Interestingly, studies using labeling methodology that does not suffer from 
the above pitfalls, have not found an early increase in proliferation. In a recent 
study that used a transgenic mouse model in which Nestin+ expressing cells 
express GFP, the author’s found no statistically significant difference in the total 
number of SGZ Nestin+ cells at 24hrs, 72hrs, and at 7 days after TBI. However, 
they did find an increase in SGZ DCX+ cells at 7 days after TBI reflecting a 
change in differentiation (Yu et al., 2008). Finally, a study that used a nearly 
identical quantification procedure as our own found an increase in precursor cells 
only when measured one year after TBI, but not when measured 2-weeks, 2-
months, or 6-months after TBI (Chen et al., 2003).  
 Another reason why we might not have seen the expected increase in 
precursor cells, irrespective of the problems with BrdU labeling, could be due to 
the time point at which we examined precursor cell number. In our study, rats 
were perfused three weeks after TBI. Given the long half-life of PCNA, we would 
expect to stain a population of cells with differing “ages,” a subset of which will 
have divided as long as 4 weeks earlier. This window is long enough to capture 
an early post-injury increase in precursor cell proliferation. However, we know 
that normally these cells migrate towards the olfactory bulb and, after injury, a 
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subset migrate to the lesion site. We only counted cells within a 50μm perimeter 
of the SVZ for the sake of inter-animal SVZ area standardization and consistency 
of measurement. If indeed there is an early increase, it is likely that those cells 
making up the early expansion migrated away from the SVZ and thus were not 
counted. 
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CHAPTER FIVE 
GENERAL DISCUSSION 
 A significant fraction of TBI sufferers possess a blood alcohol level above 
the legal limit at the time of injury (Parry-Jones et al., 2006). The degree to which 
alcohol affects functional recovery depends on a myriad of factors, including, the 
alcohol dosing schedule, the severity of the impact, and the amount of alcohol 
administered. In general, the following pattern has emerged: a single moderate 
dose of ethanol delivered prior to TBI may be neuroprotective (Kelly et al., 1997). 
Conversely, alcohol administered either in a single high dose (Yamakami et al., 
1995), a repeated binge dose (Prasad et al., 2001), or in conjunction with 
multiple TBIs (Biros et al., 1999) may lead to a worse recovery. To our 
knowledge, no study has explored alcohol’s effects on long-term recovery after 
TBI, leading us to undertake the present project.  
TBI is also associated with an increased likelihood of developing a mood 
disorder such as generalized anxiety disorder (Zazler et al., 2005). At present it is 
unclear whether alcohol at the time of TBI increases the likelihood of developing 
such a disorder. We therefore chose to evaluate whether rats administered a 
repeated binge dose of ethanol prior to TBI were more likely to develop 
behaviors consistent with a hyper-anxious state.
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 Following cortical injury, mechanisms within the brain are capable of 
making neuroplastic changes to compensate for injury. These include structural 
changes such as dendritic arborization among spared contralesional neurons as 
well as sub-synaptic changes such as protein expression level changes within 
synaptic terminals. Another adpatation thought to be involved in the recovery 
process is the mobilization of new cells in neurogenic niches, capable of 
differentiating into multiple brain cell types and integrating into existing networks 
(Arvidsson et al., 2002). It has been well established that NPC’s migrate to the 
site of injury (Szele et al., 2005, Ramaswamy et al., 2005). Moreover, various 
studies have shown that these cells are important for recovery. Ablation of neural 
precursor cells using genetic techniques at the time of TBI impairs recovery 
(Blaiss et al., 2011). Furthermore, studies in which neurogenesis promoting 
agents are administered to rats following TBI have demonstrated a greater 
recovery among treated groups (Kliendienst et al.,2005; Sun et al., 2009; Sun et 
al., 2010). The present study was undertaken to determine the effects of a 
repeated binge and a single binge ethanol regimen prior to TBI on long-term 
sensorimotor function. Furthermore, we evaluated whether a repeated binge 
ethanol regimen increased the likelihood of developing anxiety-like behavior 
following TBI. Finally, we sought to quantify the consequences of the repeated 
binge coupled with TBI on neural precursor cell proliferation and differentiation in 
the SVZ, the neurogenic niche closest to our injury site.  
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SUMMATION OF RESULTS 
 We found that administration of a repeated binge regimen of ethanol 
delivered prior to TBI led to a slower recovery with a lower recovery plateau. In 
contrast, rats given a single dose of binge ethanol prior to TBI recovered faster 
on average than animals given a vehicle control. However, the estimated group 
differences in the recovery plateau were not statistically significant.  
We next investigated whether the poorer recovery displayed by the 
repeated binge rats was correlated with a reduction in SVZ precursor cell 
proliferation and subsequent neuronal differentiation. We found that ethanol 
negatively affected SVZ precursor cell proliferation when measured 21 days after 
TBI. This reduction was statistically significant in both the injured and uninjured 
hemispheres. However, there was not a statistically significant main effect of the 
TBI itself, nor was there an interaction between ethanol and the TBI on NPC 
density. Secondly, we found that ethanol decreased the density of DCX+ cells in 
the SVZ closest to the TBI lesion. However, we did not find that the TBI itself or 
the interaction between the TBI and ethanol affected DCX+ cell density to a 
statistically significant degree.  
 Our hypothesis was that a regimen of binge ethanol exposure to healthy 
adult male rats would attenuate recovery of CNS sensorimotor function following 
experimentally-induced TBI by reducing SVZ neuronal precursor cell 
proliferation. While we found that, in agreement with our hypothesis, a repeated 
binge dose of ethanol hindered functional recovery, a single binge dose led to a 
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faster recovery. One possible reason for this divergent outcome may be due to 
the differential effects of single vs. repeated ethanol on the NMDA receptor. 
Ethanol is a potent inhibitor of the NMDA receptor at the levels used in this study 
(Chandler et al., 1993; Moykkynen and Korpi, 2012; Takadera et al., 1990). 
Following injury, this receptor can become overly stimulated by excitotoxic level 
of released glutamate, leading to increased intracellular Ca2+ and ultimately 
apoptotic cell death. Hence, in the case of a single binge dose of ethanol, early 
blockade of this pathway at the time of injury may in fact be neuroprotective by 
reducing excitotoxicity. On the other hand, repeated exposure to binge ethanol 
leads to NMDA receptor upregulation, increased levels of homocysteine (an 
NMDA receptor co-agonist), and a shift in NMDA receptor subunit expression, 
namely increased expression of the NR2B subunit (Nagy et al., 2008). Blockade 
of NR2B phosphorylation has previously been shown to be neuroprotective 
(Schumann et al., 2008; Yurkewicz et al., 2005). Each of these factors may lead 
to increased excitotoxicity once ethanol has been metabolized and is no longer 
blocking NMDA receptors. However, if this were the mode by which ethanol 
administration leads to differences in sensorimotor function, we would expect to 
see differences in lesion size. Using our method of lesion volume quantification, 
we did not find that the single or repeated binge regimen led to a difference in 
lesion size. It is worth noting however, that our method of quantification is 
produced by tracing the outline of nissl stained sections. This method of 
quantification may underestimate the extent of damage as it does not take into 
account those areas in which cells may not be fully functional but the tissue 
73  
 
 
appears “normal.” It is possible that with more precise measures, for example 
using a de Olmos silver stain to measure degenerating axons, we might have 
found a difference in lesion effects. Moreover, while we did not find a difference 
in lesion size, other work has shown that alcohol reduces lesion volume when 
given singly i.p. in a dose dependant manner (1.5g/kg, 2.5g/kg, 3g/kg, (Kelly et 
al., 1997b)). Furthermore, many studies have found that a high blood alcohol 
level at the time of injury reduces mortality (Friedman, 2012; Salim et al., 2009a; 
Salim et al., 2009b), an effect that may be in part due to alcohol’s effects on 
excitotoxicity. 
We did not find a significant main effect of ethanol, TBI or ethanol x TBI 
interaction on gross motor behavior or anxiety-like behavior. Concerning anxiety, 
it has been estimated that more than 50% of TBI victims develop a psychiatric 
disorder in the year following the injury (Bombardier et al., 2010).  As a result, our 
expectation was that rats given a TBI would display an increase in measures of 
anxiety (center duration and latency to center in the open field test). The lack of 
an apparent effect on open field measures may be due to the fact that previous 
animal work demonstrating an effect of TBI on exploratory behavior and anxiety-
like behavior used a more severe TBI injury than used in our model (Wagner et 
al., 2007). These experimenters used a larger diameter impact piston, propelled 
at a faster velocity to a greater depth into the brain. Since, the injury parameters 
for our study were originally developed in order to induce a prolonged deficit in 
the skilled-forelimb reaching task, it might be necessary to modify these kinetic 
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parameters to better model TBI-induced mood disorders. However, it is still 
conceivable that had we chosen a later time point to assess anxiety we might 
have found a deficit as some work suggests that anxiety may take some time to 
manifest itself following injury and may worsen over time (Bombardier et al., 
2010). Furthermore, the open field test is often used in conjunction with other 
tests of anxiety, mainly the elevated plus maze. Anxiety is a multidimensional 
psychological state and consequently, it has been recognized that multiple 
behavioral tests are needed to fully characterize different aspects of anxiety 
following an intervention (Ramos, 2008). It is possible that increased anxiety after 
TBI manifests itself to a greater degree when using other tests.  
The open field test (as well as the elevated plus maze) has been 
traditionally used to measure anxiety but not depression. Generalized anxiety 
disorder and major depressive disorder are thought be related but distinct mental 
illnesses. It is possible to have aberrant anxiety without depression and vice 
versa. It is possible that had we used a behavioral test for depression-like 
symptoms (e.g. forced swim test, sucrose preference test) we might have found 
an effect in our injury model.  
 The second part of our hypothesis stated that repeated binge ethanol 
would exert its deleterious effects on sensorimotor recovery in part via a 
reduction in neural stem cell proliferation and differentiation. Concerning 
proliferation, we did find that ethanol had a significantly negative main effect on 
proliferation. However, a direct comparison of ethanol TBI vs. saline TBI groups 
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showed no difference in NPC proliferation in the SVZ, indicating this reduced 
SVZ proliferation is unlikely to be the mechanism behind the poorer sensorimotor 
recovery that was seen in are earlier experiments.  
Past studies have mostly explored ethanol’s effects on NPC proliferation 
in the short term, on the order of several hours (Nixon and Crews 2002). This 
finding is the first to show a negative effect of ethanol on NPC proliferation three 
weeks after ethanol termination. This study demonstrates that alcohol can effect 
NPC proliferation in the SVZ even when measured 21 days after a binge 
episode. Previous work had demonstrated that rat exposure to 7 weeks of 
chronic alcohol followed by abstinence led to an immediate decrease in the 
number of SVZ NPCs, which rebounded to control levels within a week post 
ethanol cessation. Our results suggest a more prolonged decrement in NPC 
proliferation. This finding has portentous implications for human binge drinkers 
since evidence suggests that NPC integration into the olfactory bulb and 
hippocampus are important for olfaction and memory respectively. In the 
olfactory system, reduced NPC proliferation in the SVZ has been correlated with 
reduced odor discrimination in rodents (Kempermann 2011). In the hippocampus, 
ablation of SGZ NPCs prohibits LTP by perforant pathway stimulation (for review 
see Kempermann 2011). Furthermore, ablation of NPCs has been shown to lead 
to specific deficits on hippocampal dependant tasks like the morris water maze, 
contextual fear conditioning, and trace conditioning.  
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Functional assessment of human binge drinkers suggests these results 
generalize beyond the rodent. Among adult binge drinkers, a study exploring 
memory function among university students found that while binge drinkers were 
not more likely to self-report experiencing memory problems, controlled testing 
revealed that binge drinkers performed worse on measures of prospective 
memory (remembering to perform a task or action at a specific time point or 
following a specific event/cue) (Heffernan and O'Neill, 2012). It is particularly 
troubling that binge drinkers in the study indicated that they were not even aware 
of having a memory problem. Hence, even if alcohol does not lead to a 
synergistic decrease in NPC proliferation following TBI, binge drinking would 
seem especially problematic for individuals already experiencing cognitive 
impairment due to injury. 
The relevance of this work for the human population can be summed up 
concisely: if individuals participating in repeated binge alcohol use suffer a TBI, 
they likely put themselves at greater risk of a poorer post-injury recovery. 
Moreover, the fact that repeated binge alcohol use reduces the levels of 
proliferation of a cell type that may be of fundamental importance to learning and 
memory, should strongly discourage this mode of alcohol consumption. 
FUTURE DIRECTIONS  
We found a differential recovery trajectory in single binge vs. repeated 
binge groups. Future directions would explore whether NMDA receptors are 
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upregulated in our repeated binge ethanol administered rats relative to single 
binge ethanol treated rats. In-vitro work could explore whether cells exposed to 
differing durations of ethanol incubation respond differently to an excitotoxic 
challenge of glutamate, as we have conjectured. Concerning ethanol’s effects on 
the likelihood of developing a mood disorder following TBI, future studies could 
seek to develop a TBI lesion that consistently leads to the prolonged 
development of anxiety and depression-like symptoms. To this end, multiple 
behavioral tests would be used to more fully measure different aspects of anxiety 
and depression. 
Given our findings that repeated binge ethanol did not reduce precursor 
cell proliferation to a degree greater than the TBI itself, ethanol’s deleterious 
effects on sensorimotor function after TBI are unlikely to be due to changes in the 
proliferation of precursor cells. That being said, proliferation is but one means by 
which alcohol might negatively impact the neurogenic system. Following injury, 
NPC’s migrate away from the SVZ and SGZ towards the site of damage. 
Additionally, many new cells do not survive for an extended period of time. One 
indication that this process was disrupted by alcohol would be a finding that there 
was a difference in the cell density of NPCs in the perilesional area. Such a 
finding could generally indicate one of two changes has occurred, either alcohol 
reduces/enhances NPC migration, or there is a change in the level of NPC 
apoptosis in the perilesional area. To this end, our lab is presently quantifying the 
density of PCNA labeled cells around the lesion. How might alcohol disrupt this 
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process mechanistically? Correct cell migration towards the lesion site is a 
complex multipart process, capable of disruption at several stages. The first 
necessary step is that a chemottractant signal be released. The main 
chemoattractant signal for NPCs to the injury site is presently unknown. 
However, NPCs are not the only cell type that migrates towards the lesion site; 
following injury microglia become activated and travel to the site of injury. ATP is 
rapidly released following TBI and has been found to be a strong 
chemoattractant for microglia (Ohsawa and Kohsaka, 2011). Moreover, stem cell 
migration in the hematopoetic system is regulated in part via purinergic signaling 
(Rossi et al., 2012). Thus, it seems likely that ATP also acts as a chemoattractant 
for NPCs. Interestingly, ethanol has been found to be an antagonist of multiple 
purinergic receptors involved in the microglial response to injury, such as the 
P2X4 and P2X7 receptors (Asatryan et al., 2011). Future work could explore 
whether ethanol affects migration of NPCs via puringeric signaling pathways. 
Following successful migration towards the lesion site, cells differentiate into 
neurons and glia. We could use alternative labeling techniques to follow NPCs 
from the time of injury, to quantify differentiation in perilesional areas.   
Finally, there are multiple ways in which our ethanol administration 
methodology could be expanded to more closely model human alcohol 
consumption. Future work would expand the number of binge drinking episodes 
to better reflect that human, binge-drinking, TBI sufferers are likely to have a 
more prolonged history of alcohol use than the three-day regimen used in this 
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study. Moreover, ethanol delivered via i.p. injection circumvents the 
gastrointestinal tract, therefore oral-gavage could be used in future rodent 
studies in order to better mirror the conventional mode of human alcohol 
consumption.
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